ABSTRACT: Adsorption of DNA to bacterial surfaces plays a crucial role in biofilm formation, genetic transformation and bacterial survival in environments. The relevant features were determined performing adsorption isotherms of DNA to E. coli cells. The results suggest that DNA adsorbing to E. coli is in a source-nonspecific way; a same concentration of long linear DNA is easier to be adsorbed than short linear DNA; DNA adsorption is also influenced by bacterial growth phases and environmental conditions (e.g. temperature, salt type and concentration). To better understand the features of DNA adsorption to bacterial surfaces, the zeta potential of the bacteria was determined. The combined results from the adsorption isotherms and the measurement of zeta potential suggest the inhibition effect of the negative surface potential of E. coli on DNA adsorption. It implies further that the adsorption of DNA to bacterial surfaces is governed by not only DNA receptors but also the negatively charged components of bacterial outer membrane. A mathematical derivation of the experimental data suggests that the electrostatic self-repulsion of DNA may facilitate itself to overcome the electrostatic barrier near the bacterial surfaces to be adsorbed, but this effect is dependent on DNA length and concentration. Moreover, salt ions (e.g. NaCl and MgCl 2 ) can increase the adsorption to bacterial surfaces of DNA via screening the electrostatic potential near the negatively charged surfaces. These results provide important implications for understanding adsorption to bacteria of DNA in natural environments and the relevant bacterial behaviors.
B
iofilm is a microbial aggregate, in which microorganisms adhere to each other to survive in diverse environments *1+, and also to develop greater antibiotic resistance than the free living counterparts via the multicellular strategies *2,3+. Three stages are enrolled by microorganisms to form biofilm. The first stage is attachment of bacteria to a solid substratum. Then, attached bacteria grow or recruit other free living cells to form microcolonies (the second stage). In the microcolonies, bacteria produce quorum sensing factors and crosstalk with each other, followed by formation of extracellular matrix *4+. As a result, mature biofilm community formed (the third stage). Extracellular DNA is regarded as a key factor in the process, based on an observation that DNase I treatment led to degradation of young Pseudomonas aeruginosa biofilm *5+. Our previous study suggested further that DNA function as bridge molecules to enhance bacterial aggregation after adsorbed on the cell surfaces *6+.
In this study, we focus on DNA adsorption to bacterial surface.
Adsorption of DNA to biological surfaces plays a crucial role in bacterial biofilm development *5,7+, genetic transformation *8,9+ and bacteria survival in environments *10, 11+. The adsorbed DNA can also help plant root tip resist fungal infection *12+. It is thus a topic of significant microbiological, medical and environmental interest. Previous biological studies reveal the details about adsorption of DNA to bacteria mainly via investigating transmembrane DNA receptors, which are specialized structures on bacterial surfaces to bind extracellular DNA for future use *13-15+. However, some features of adsorption to negatively charged bacterial surfaces of DNA remain unclear, regarding DNA source and the influences from the negative electrostatic potential of bacterial surface and environmental conditions. Adsorption of DNA to negatively charged surfaces has been attracted a great amount of attention over the past several decades due to extensive application in DNA-based sensors, microar-ray, DNA hybridization and DNA-protein interaction *16-22+. It is generally accepted that such DNA adsorption is affected by physical properties of surfaces, solvent composition, DNA length and concentration *6,17,18,22-26+. Furthermore, the theoretical and experimental studies of biophysical chemistry reveal that the adsorption of DNA to a like-charged surface is governed by a balance of the electrostatic double-layer repulsion and attractive interactions, such as the van der Waals force, ion-correlation attraction, hydrophobic interaction, hydrogen bonding or acid-base interaction *16,19,22,27+. DNA adsorption will occur only when the electrostatic repulsion between DNA and the like-charged surface is overcome. But after adsorbed, DNA makes zeta-potentials of the surface more negative, leading to an increase in the electrostatic repulsion *27+. As a result, a new balance between electrostatic double-layer repulsion and attractive interactions is formed, and then inhibits subsequent DNA adsorption. These studies draw an overall picture for adsorption of DNA to a negatively charged abiotic surface. However, the adsorption of DNA to like-charged bacterial surfaces in natural environments is poorly understood.
In this case, the features of the adsorption of DNA to likecharged bacterial surfaces were determined using adsorption isotherm technique and Escherichia coli ZK126. The surface electrostatic properties of E. coli in different growth phases were assessed via measuring zeta potential. The adsorption isotherms and the zeta potential measurement were combined to show the effect of the surface electrostatic potential of bacteria on DNA adsorption. The roles of salts and temperature in DNA adsorption were discussed considering situations of natural environments. It is noteworthy that the electrostatic repulsion between DNA molecules is first, to the best of our knowledge, suggested as a key factor regulating DNA-to-bacteria adsorption. Consequently, this study provides a rational understanding about the adsorption of DNA to bacteria in natural environments.
MATERIALS AND METHODS

Bacterial suspensions
Generally, surfaces of bacteria under physiological conditions are negatively charged (reviewed in Ref. *28+). Herein, Escherichia coli ZK126 were used as a representative of bacteria with negatively charged surface and a good experimental model for investigating interactions between polymer and cell surface *6,29,30+. The E. coli ZK126 were cultured in LB broth (1 liter of broth containing 5 g yeast extract, 10 g tryptone and 5 g NaCl) under physiological conditions (~300 K, pH 6.0 ± 1.0). Then, 1 ml of the resulting cell suspension was used to inoculate 100 ml of fresh LB broth and cultured at 30 o C with shaking the flask. The cells were sampled in the different growth phases (see the growth curve of E. coli ZK126 in the Supplementary Materials). For each E. coli sample, the cells were harvested, washed twice and resuspended in purified water from a Milli-Q water system (Millipore, U.S.). The cell density was determined via counting the cell number by a counting chamber.
DNA
Various lengths of linear DNA chains were obtained by Polymerase Chain Reaction (PCR) amplification consisting of a 5-min predenaturalization at 94  o C, 35 amplification circles (94  o C 60 s, 50  o C  60 s, 72 o C 60 s) and an additional extension for 10 min at 72 o C (see templates and primers in Table 1 ). 50 μl Of PCR system contained 1.5 mM MgCl 2 , 200 μM dNTP, 5 units of Taq DNA polymerase, 20 pM upstream and downstream primers. For each DNA sample, ~ 20 mL of the PCR product were extracted and purified by the TIANquick Maxi purification kit (TIANGEN, Beijing, China) and dissolved in DNase-free water. The resulting DNA solutions were concentrated by a concentrator (Eppendorf, 5301, Germany) at 45 o C. Additionally, herring sperm DNA (Promega, U.S.) was dissolved in distilled water and was adjusted to about pH 7.6 by 1 M of NaOH. To determine the concentration of DNA solution, ultraviolet absorbance at 260 nm (A 260 ) and 280 nm (A 280 ) of DNA solution were measured using a spectrometer. According to a experimental handbook *31+, the concentration of DNA solution was defined by Eq. 1,
The purity of DNA was evaluated by ratios of A 260 /A 280 *32+. In our cases, the ratiod of A 260 /A 280 are 1.8 or higher, which indicates a very high degree of purity for DNA.
Adsorption isotherms
The adsorption isotherms were determined following Châ-tellier's method *30+. E. coli cells were harvested in the midexponential phase. The stock solution of hsDNA was diluted in purified water. Each of the DNA dilutions was gently mixed with the E. coli suspension in a microcentrifuge tube. In the cell-DNA mixture, the cell density of E. coli was adjusted to ~1×10 9 cells/mL and the bulk concentration of DNA added into the mixture (C add ) ranged from 0 to 300 μg/mL. Of each sample, the total volume (V) was 1 mL. After incubation for 5 min without agitation, the cell-DNA mixtures (pH 6.0 ± 1.0) were centrifuged at 10,000 rpm for 2 min under room temperature. The supernatant of each sample was carefully removed to measure DNA concentration, named C sup . Moreover, the concentration of DNA released by E. coli cells into the experimental system (C release ) was determined by measuring the concentration of DNA in the supernatant of the cell suspension without adding DNA. It is noteworthy that C release in this study was on the order of 1 μg for 1×10 9 cells/ml of E. coli, but the standard deviation of C release was on the order of 0.01 μg. Thus, the standard deviation of C release is neglected when we took m adsorbed into account. Consequently, the adsorbed amount of DNA (m adsorbed ) was determined by Eq. 2,
The adsorption isotherm was also determined for DNA with different length (Table 1 & Figure 1 ).
Moreover, the E. coli cells harvested in different growth phases was used to evaluate the influence of bacterial growth phases on DNA adsorption. In this case, 80 μg/mL of 609 bp DNA was employed.
To assess effects of salts on DNA adsorption to bacterial surfaces, NaCl and MgCl 2 were used. E. coli cells were sampled in the mid -exponential phase. The salt solution, the cell suspension and hsD- The effect of temperature on DNA adsorption to bacterial surface was also determined. The tested temperature ranged from 273 K (the temperature of ice water) to 310 K (37 o C). In this experiment, E. coli cells were sampled also in the mid-exponential phase. The cell suspension and the DNA solution were separately incubated at a given temperature, followed by mixing the cell suspension and the DNA solution and incubating for additional 5 min. Then, the adsorption isotherms were determined for each given temperature.
Electrostatic surface analysis
The surface electrostatic properties of E. coli were evaluated by measuring zeta potential of the bacteria. E. coli cells were harvested in different growth phases, washed, resuspended in purified water. The cell density of E. coli sample was adjusted to 1×10 9 cells/mL. Then, the zeta potential of E. coli cell was determined using a zetasizer (Nano-ZS, Malvern Instruments, U.K.). Moreover, in order to assess effects of salt (MgCl 2 and NaCl) on zeta potential of E. coli, E. coli cells were harvested in the mid-exponential phase. Subsequently, the E. coli suspensions were diluted and mixed with MgCl 2 or NaCl solution. The pH value and the cell density of the mixture were about 6 and about 1×10 9 cells/mL, respectively. Of the resulting E. coli-salt mixtures, the bulk salt concentrations ranged from 0 to 200 mM and the cell density was 1×10 9 cells/mL. Then, the measurement of zeta potential was carried out.
Evaluation of DNA nuclease activity
To check DNA nuclease (DNase) activity in the samples, 10 μL of supernatant of each sample was co-incubated with 2 μL of pUC18 DNA (~200 ng) at 37 o C for 1 h. Then, the activity of DNA nuclease was assessed by 1% agarose gel electrophoresis according to Ref. (5) . The result suggests that C add > C sup in this study is not due to degradation of DNA by DNA nuclease.
Data analysis
In this study, a t-test with one-tailed distribution (Alpha level:
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RESULTS
Adsorption isotherm
Using non-specific eukaryotic DNA fragments (herring sperm DNA) and various lengths of DNA fragments obtained by PCR (Figure 1 ), we first determined the adsorption isotherm of DNA to E. coli in mid-exponential phase at 300 K. The results were presented in Figure 2 , which shows two regimes of DNA adsorption: little adsorption for low concentrations of DNA; a nearly linear increase in DNA adsorption for high DNA concentrations. The results from the evaluation of DNA nuclease activity suggest few influence of DNA nuclease on the adsorption isotherms of DNA to E. coli under our experimental conditions. It is noteworthy that all tested DNA adsorbed to E. coli, suggesting that DNA adsorbing to bacteria is in a source-nonspecific way. . The mean value (○) and standard deviation (error bar, n=3) were shown. Figure 2 shows further that the adsorption of DNA sharply increases when the DNA concentration reaches or exceeds a threshold value, called critical adsorbed concentration (CAC, C m ), but the CAC is not constant for different lengths of DNA. For instance, 395-bp DNA adsorbs to bacteria when its concentration is larger than ~100 μg/ml (Figure 2b ), but the CAC of 1020-bp DNA is ~12 μg/ml (Figure 2e) . In other words, the higher the polymerization degree of DNA, the lower CAC (Figure 2a~e ). It means that long DNA is easier to be adsorbed than short DNA. Such a trend has been reported for adsorption of DNA to sands *17+ and adsorption of other polymers to clays *33+. However, completely different from abiotic surfaces, the surface properties of bacteria keep diverse during growth *29,34+. Thus, we attempted to assess adsorption of DNA to E. coli in different growth phases using a constant concentration of 609-bp linear DNA (80 μg/mL). The cell density of E. coli was fixed to be 1×10 9 cells/mL. Consequently, the adsorption isotherm shows that DNA adsorption is not constant in magnitude for E. coli cells harvested in different growth phases (Figure 3) . The minimum DNA adsorption arises as the cells are in the early exponential phase (at 4 h) (see the correlation of culture time and the growth phase in Supplementary Materials). These suggest that the adsorption of DNA to bacteria is indeed influenced by the surface properties of bacteria.
Furthermore, we tested effects of salts on the adsorption of DNA to bacteria using various concentrations (from 0 to 200 mM) of MgCl 2 and NaCl. The concentration of herring sperm DNA added were fixed to be 300 μg/ml and the cell density was 1×10 9 cells/mL. As can be seen in Figure 4 , increasing the concentration of MgCl 2 increases adsorption of DNA to E. coli, but a plateau of DNA adsorption is reached when the concentration of MgCl 2 is higher than ~20 mM. In contrast, NaCl has an inhibition effect on DNA adsorption to bacteria. This inhibition effect becomes obvious when the concentration of NaCl ranges from 5 to ~ 80 mM (Figure 4) . However, at high salt concentrations (> 80 mM), the presence of NaCl increases the adsorption amount of DNA (Figure 4 ). These are similar to the effect of salt on adsorption of DNA to sands *35+. The results of zeta potential measurement were shown in Figure  6 . Figure 6a presents the changes in the zeta potential of E. coli surfaces throughout the growth period. Evidently, E. coli ZK126 has a negative zeta potential value during the growth, which indicates that the surface of E. coli is negatively charged. This is in agreement with the previous observation *29,36+. We also noticed that the lowest value of zeta potential of E. coli appears in the early exponential phase (at 4 h) (Figure 6a) . Furthermore, Figure 6b shows the effect of salts on the zeta potential of E. coli. A nonlinear increase in zeta potential of E. coli as a function of salt concentration was observed (Figure 6b) . It is obvious that a same concentration of MgCl 2 has a stronger effect than NaCl on neutralizing the negative charges of E. coli surfaces. For instance, under our experimental conditions, only 20 mM MgCl 2 can increase the zeta potential of E. coli up to about -10 mV, whereas it should be ~ 100 mM for NaCl to attain the same effect (Figure 6b) . These results are similar to the previous observation of the effects of salts on the zeta potential of cell surfaces *37+.
DISCUSSION
The features of the adsorption of DNA to bacteria
Adsorption of DNA to bacterial surfaces is of significant microbiological, medical and environmental interest. However, the relevant studies are full of difficulties and challenges due to complex surfaces of bacteria. Fortunately, the previous literature shows that the adsorption of a strongly charged polymer to bacterial surfaces has been well investigated using the adsorption isotherm technique and E. coli *30+. It suggests an accepted method for investigating adsorption of DNA to bacteria.
Consequently, the features of DNA adsorption to bacteria were determined: (i) DNA adsorbing to bacteria is a non-specific way ( Figure 2) ; (ii) the adsorption is dependent on DNA length and concentration. The longer DNA, the lower the critical adsorbed concentration (Figure 2 ), suggesting that long DNA is easier to be adsorbed than short DNA; It is consistent with our previous study *6+. (iii) DNA adsorption is influenced by bacterial growth phases. Evidence is that the adsorbed amount of DNA does not keep constant for the bacteria in different growth phases when the cell density and the concentration of DNA added are fixed ( Figure 3) ; (iv) the effect of salts on the adsorption of DNA to bacterial surfaces depends on salt type and concentration. MgCl 2 can increase DNA adsorption. However, at low concentration (5 ~ 80 mM), NaCl decreased the adsorption. Interestingly, a high concentration (> 80 mM) of NaCl increased the adsorbed amount of DNA; (v) increasing temperature increases the adsorbed amount of DNA ( Figure 5 ). Also, we have determined the adsorption isotherms of DNA to gram-negative Pseudomonas aeruginosa and gram-positive Bacillus subtilis. For all tested bacteria, the conclusions obtained about the features of DNA adsorption were similar. However, the fluctuation in C release of P. aeruginosa is much higher than that of E. coli and B. subtilis (Data not shown), and B. subtilis tends to release a great amount of lipoproteins and proteases into the surrounding environment *38+, which would cause bigger system error than E. coli for our work. Thus, E. coli is still preferred for this study.
The effect of surface properties of bacteria on DNA adsorption
As mentioned above, both DNA adsorption and bacterial surface properties were significantly affected by bacterial growth phases. Consequently, the adsorbed amounts of DNA and the zeta potential values of E. coli were intentionally plotted in Figure 3 and Figure 6a , respectively, as a function of cell culture time. The typical growth phases were also indicated in Figure 3 and Figure 6a (see the correlation of growth phase and cell culture time in Fig. S1 ). We found that the curves presented in Fig. 3 and Fig. 6a had the similar form. In other words, the adsorbed amount of DNA decreased as the surface potential of bacteria increased in magnitude, and vice versa (Figure 3 & Figure 6a ). These clearly show the inhibition effect of the surface potential of E. coli on DNA adsorption. The result from the measurement of zeta potential also demonstrates that E. coli surface kept negatively charged throughout the growth period (Figure 6a) , suggesting that such an inhibition effect on DNA adsorption may be caused by the electrostatic repulsion between negatively charged DNA and bacterial surfaces.
For DNA, the adsorption will occur only when the electrostatic repulsion between DNA and the bacterial surface is overcome. Previous biological studies demonstrate that DNA receptors on bacterial surface can provide some attractive interactions, e.g. Hbond, the van der Waals force, acid-base interaction or the electrostatic attraction, for DNA *8,9,13-15,27,39+, to overcome the electrostatic repulsion in order to be adsorbed. However, in this case, we inclined to emphasize the inhibition effect of the negative bacterial surface potential on DNA adsorption. Referring a previous finding that the negative surface electrostatic potential of bacteria is due to the major components of the outer membrane, e.g. lipopolysaccharides *40+, we proposed that not only DNA receptors but also the negatively charged component of bacterial outer membrane affect DNA adsorption to bacteria. Interestingly, this also means that bacteria may control DNA adsorption via regulating the synthesis of negatively charged component of the outer membrane, besides the assembly of DNA receptor.
Modeling: DNA-DNA electrostatic repulsion contributing to the adsorption to bacteria
The electrostatic repulsion between DNA and the bacterial surfaces had an inhibition effect on DNA adsorption. It provides a rational explanation for the phenomenon that the adsorbed amount of DNA was very low when the DNA concentration was not high enough (< CAC) (Figure 2 ). However, it is poorly understood that high concentrations (> CAC) of DNA resulted in a sharp increase in the adsorbed amount of DNA.
To elucidate this, we intentionally used various lengths of double -strand DNA fragment ( Figure 1 ). As mentioned above, long DNA is easier to be adsorbed than short DNA. This trend has been observed in the adsorption of DNA to sands *17+ and adsorption of other polymers to clays *33+, but it is opposite to the trend of the adsorption of DNA to porous soils, which has been well explained by the size exclusion of pores and mechanisms about the kinetics of diffusion *17+. It suggests that these mechanisms might not adapt to explain the adsorption of DNA to bacteria.
To investigate this further, we attempted to determine the CAC for each length of DNA fragment. However, it is noteworthy in this case that the exact value of the CAC was difficult to be determined, because of the fluctuation in the adsorbed amount of DNA and sparse points composing the adsorption isotherm. Thus, a t-test was used to estimate statistical difference of the adsorbed amount of DNA of different samples, in order to determine the CAC accurately. However, this treatment may still lead to an overestimation of the actual value of the CAC, because the CAC of DNA was regarded as the lowest tested concentration, which corresponds to a statistically remarkable increase in the adsorbed amount of DNA. It is convinced that for a given length of DNA, the actual value of the CAC (C m ) should be smaller than or equal to the CAC obtained in the experiment (C c ), but bigger than the highest DNA concentration tested (C h ), which cannot result in a remarkable increase in the adsorbed amount of DNA. Therefore, to analyze the correlation between DNA length (l) and the corresponding C m , we supposed that for the given length of DNA, C m is equal to the average of C h and C c . Consequently, a mathematic fit indicated C m ~l -2 ( Figure 7) . In fact, the results of the mathematic fit also show C c ~l -2 and C h ~l -2 ( Figure 7 ). . Additionally, the highest concentration of DNA tested (C h ), which cannot result in a remarkable increase in the adsorbed amount of DNA, was also marked (Δ). It is convinced that, for a certain length of DNA, the actual value of the CAC (C m ) should be smaller than or equal to C c , but bigger than C h . Consequently, a mathematic fit was performed according to the results presented in Figure 2 (4) where n is the number of DNA, W is the molecular weight of DNA and N is Avogadro's constant. Solving Eq. 3 and Eq. 4, the correlation between C m and l was thus expressed as nWN
In this study, all DNA used were supposed to be B-form and rod-like due to absence of the applied force and their short lengths, which are on the order of the Kuhn length for DNA. Therefore, either l or W was a function of degree of polymerization of DNA (5) (6) where n b is degree of polymerization of DNA (bp). Solving Eq. 5 and Eq. 6, W was denoted as a function of l, (7) Therefore, the correlation between C m and l was expressed as
, that is, nl 3 ~ V. According to the previous findings that radius of gyration, R g , is proportional to chain length for strongly charged polymers with low salt concentration *41+ and the excluded volume of two polymers is proportional to R g 3 *42+, the excluded volume of two DNA molecules is thus proportional to l 3 . Namely, the total excluded volume of DNA, Ev, is proportional to nl 3 . It results in Ev ~ V. Consequently, we drew a conclusion that the adsorption of DNA to E. coli sharply increased only when the ratio of Ev:V was increased up to a fixed value. It indicates the significant role of the excluded volume of DNA in the adsorption of DNA to bacteria. Note that DNA is a special polymer that the excluded volume effect is due to its electrostatic self-repulsion *43+. Therefore, these imply that the electrostatic self-repulsion of DNA may contribute to the adsorption of DNA to like-charged bacterial surfaces.
Our derivation is limited to regions where the chain keeps rodform and salt concentration is very low. Also, we neglected changes in conformation, fluctuation in chain length and threedimensional arrangement in liquid of DNA. Although this derivation is too simple to describe all situations of DNA adsorption to bacteria, it provides a new insight to understand this natural phenomenon.
View regarding DNA adsorption to bacteria in natural environments
A view regarding DNA adsorption to bacteria is proposed according to the obtained results. In some natural environments both DNA and many bacteria are carrying negative charges on their surface. The electrostatic repulsion between DNA and the bacteria makes them separated as well as possible. It is noteworthy that relatively high density of negative charges on DNA surface will produce stronger electrostatic repulsion between DNA molecules than the one between DNA and bacteria. While DNA concentration rises high enough, the DNA-to-DNA repulsion will push the DNA molecule close to bacterial surface. Once the distance between DNA and bacterial surface is shorter than a certain value, less than which based on DLVO theory the attraction interaction will overcome the repulsive interaction between charged polymer and surface *22+, the DNA molecule will be adsorbed on bacterial surface. The adsorbed DNA makes zeta potential of bacterial surface more negative, as seen in Figure 3 & Figure 6a and mentioned in Ref. *27+. The electrostatic repulsion between DNA and bacteria thus increase up to block subsequent DNA adsorption. A new balance between DNA-to-DNA and DNA-to-bacteria will be reached again. It also provides an explanation for the finding that DNA adsorption increased with added DNA concentration in the experimental system.
Effects of salts on DNA adsorption to bacteria
It is widely accepted that salts can neutralize the negative charges on cell surfaces and cause a decrease in magnitude of zeta potential *37+. In view of these findings, we attempted to determine whether salts can influence the adsorption of DNA to bacteria via changing bacterial surface potential. In this case, various concentrations of salts (NaCl or MgCl 2 ) were introduced into the E. coli suspensions, and then the changes in the adsorbed amount of DNA and in E. coli zeta potential were recorded.
In fact, the roles of MgCl 2 and NaCl in adsorption of DNA to a like -charged abiotic surface have been well explained by previous physicochemical studies. For example, Mg 2+ can contribute to the counterion correlation attraction between DNA and a like-charged surface *16,44+ whereas Na + can make the total interaction between DNA and the surface more repulsive via shortening the Debye length *22+. Therefore, presence of MgCl 2 leads to an increase in DNA adsorption, nevertheless NaCl causes a decrease in DNA adsorption *16,22,45+. However, in natural aquatic environments, the effects of salts on the adsorption to bacteria of DNA are complex, because presence of salts can change osmosis pressure of liquid and DNA conformation, even cause DNA condensation.
Therefore, first of all, we assessed effects of salt ions on A 260 and A 280 of linear double-stranded DNA using NaCl, MgCl 2 (0 ~ 200 mM) and hsDNA (300 μg/mL), as well as on C release using E. coli cells in mid-exponential phase. The cell density was 1×10 9 cells/mL. Results suggest that MgCl 2 or NaCl had a negligible effect on changing the A 260 and A 280 of hsDNA at the fixed concentration (Data not shown). However, increasing the salt concentration increased the C release of bacteria (Data not shown). Therefore, when we measured C sup for the sample containing a given type and concentration of salts, the corresponding C release should be determined using the cell suspension containing the same type and concentration of salt ions but without adding DNA.
The adsorption isotherms obtained show that MgCl 2 increased DNA adsorption, whereas NaCl decreased the adsorption at low salt concentrations. It is consistent with the previous findings of adsorption of DNA to a like-charged abiotic surface *16,22,35+. The likely explanation is, as described above, that the divalent cations may partially bind to the surfaces and mediate the counterion correlation attraction to facilitate DNA adsorption *16,44+. Moreover, Mg 2+ is more effective in diminishing the electrostatic potential near both the bacterial surface (see Figure 6b) Hui-Hui Liu et al.| Adsorption of DNA to bacteria electrostatic repulsion between DNA and bacterial surface. Na + can also screen the electrostatic potential near the surface. However, this effect of Na + is very weak when its concentration is low. As a result, the balance of interactions between DNA and bacterial surface will be shifted to repulsion *22+.
However, at high salt concentrations (100 mM or higher), presence of NaCl led to an increase in the adsorbed amount of DNA. The measurement of zeta potential showed an obvious decrease in the magnitude of the zeta potential of E. coli as NaCl concentration increased from 50 mM up to 100 mM or higher (Figure 6b ). These suggest that the increase in DNA adsorption may be due to screening of the surface electrostatic potential by high concentrations of NaCl. This finding confirms our conclusion above that the negative surface potential of bacteria indeed inhibits the DNA adsorption. It also suggests that salt ions, e.g. NaCl and MgCl 2 , can increase DNA adsorption via screening the electrostatic potential near bacterial surfaces.
Moreover, via screening the electrostatic potential near DNA surface, cations is able to stabilize the DNA secondary structure *47,48+. However, we also noticed that in other cases, presence of cations led to transitions of DNA from B form to other conformations *49-51+. Surprisingly, there are three transition equilibria between four DNA conformations: B, Z, "A" and ψ, and two of these equilibria are reversible *50+. It is thus full of difficulties and challenges to assess effects of DNA secondary structure on DNA adsorption to bacterial surfaces.
Effect of temperature on DNA adsorption
Our result shows that increasing temperature from 0 °C (273 K) to 37 °C (310 K) accompanied with an obvious elevation in the adsorbed amount of DNA ( Figure 5 ). The similar trend has also been reported for the adsorption of dissolved organic matter to activated carbon *52+. However, the mechanism of temperature influencing DNA adsorption to bacteria might be more complicated: From physicochemical point of view, high temperature corresponds to strong thermal motion, which offers more opportunity for DNA to be closer than the Debye length to cell surface and then to be adsorbed *22+ Other likely explanations are that the temperature dependence of DNA adsorption may be due to hydrophobic interaction *52+, macromolecular self-association *53+ or molecular diffusion *54+. From biological point of view, changes in temperature alter the genomic expression profile of bacteria *55+. Consequently, DNA adsorption was influenced maybe by variation in the synthesis of bacterial outer membrane components and/or the assembly of DNA receptors. Unfortunately, our present investigation does not allow us to describe the actual mechanism for the influence of temperature on DNA adsorption to bacteria.
CONCLUSIONS
The adsorption isotherms obtained in this study suggest several features of DNA adsorption to bacterial surfaces: the sources of DNA that can adsorb to bacteria are non-specific; the adsorption is dependent on DNA length and concentration, and influenced by bacterial growth phases and environmental conditions (e.g. temperature, salt type and concentration). It is noteworthy that NaCl has two opposite effects on the adsorption to bacterial surfaces of DNA, whereas presence of MgCl 2 always leads to an increase in DNA adsorption: low concentrations (5 ~ 80 mM) of NaCl decreased DNA adsorption, while the adsorption was enhanced in the presence of NaCl at a high concentration (> 80 mM).
The combined results from the adsorption isotherms and the measurement of zeta potential of bacterial surfaces suggest that the negative surface potential of bacteria has an inhibition effect on DNA adsorption. In view of that the negative surface potential of bacteria is due to the major components of the outer membrane, we proposed that not only DNA receptors but also the negatively charged components of bacterial outer membrane govern DNA adsorption to bacteria. Furthermore, our results suggest two likely factors facilitating DNA to overcome the electrostatic barrier near the bacterial surface to be adsorbed: (i) the electrostatic selfrepulsion of DNA; (ii) screening of the electrostatic potential near the surface by salts (e.g. NaCl and MgCl 2 ).
